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Toxicity of osmotic solutes on human mesothelial cells in vitro
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Toxicity of osmotic solutes on human mesothelial cells in vitro. We
evaluated the effect of the various osmotic solutes on the growth rate of
human mesothelial cells (HMC) in an in vitro culture, Glucose inhibited
proliferation of HMC in a dose dependent way. At high glucose
concentrations (60 mit, 90 mM) the effect was instant but at lower
concentration (30 mM) decrease in the mesothelial cell proliferation was
significant only after five days of incubation. Reversibility of the
glucose effect was inversely proportional to exposure time to this
solute. Mannitol and glycerol studied in similar concentrations as
glucose decreased proliferation of the mesothelial cells less than glu-
cose, whereas amino acid glycine had a similar effect to glucose.
However, all osmotic solutes caused similar injury to mesothelial cells
membrane as measured by release of LDH. These results suggest that
the toxic effect of the osmotic solutes on proliferation of the mesothelial
cells depends not only on the hyperosmolality but also on some
metabolic effect(s). In an in vitro culture, HMC may provide a suitable
model for the study of the toxic effect of dialysis fluid on peritoneal
mesothelium.
The peritoneal mesothelium, a single layer of cells lining the
peritoneal cavity, is a living dialysis membrane whose perme-
ability may be modified by various biological and physical
factors [11. Besides acting as a biological barrier, this mesothe-
hum has also a metabolic function [21. During peritoneal dialy-
sis, this layer is continuously exposed to injury from the acidic
and hyperosmolar dialysis fluid, contaminated on occasion with
antiseptics, plasticizers and bacteria. Morphological studies
have shown that chronically exposed to the dialysis fluid, the
structure and function of the mesothelium progressively dete-
riorates. There may be alterations in the number and morphol-
ogy of the microvillous projections of the mesothelial cells,
disruption of the tight junctions between cells, decreased num-
bers of micropinocytic vesicles and hyperplasia of the rough
endoplasmic reticulum in the mesothelial cytoplasm [3, 41.
Gotloib et al propose that in patients on chronic peritoneal
dialysis, there is a process of continuous mesothelial injury
followed by its regeneration 5j. However, regeneration is not
always complete and in peritoneal biopsies obtained from
patients on CAPD, the peritoneum often is denuded of its
mesothelial monolayer. Therefore there is a great need for a
peritoneal dialysate, which would be less injurious to the
peritoneal membrane.
This paper presents the results of our study on the cytotox-
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icity of various osmotic solutes to human peritoneal mesothelial
cells in an in vitro culture.
Methods
Human mesothelial cells were isolated according to method
described by Van Bronswijk et a! [6]. Briefly, a piece of human
omentum obtained during an abdominal operation was washed
in calcium and magnesium-free Hanks solution, and then incu-
bated in a shaker in 0,05 g% Trypsin-0.02 g% EDTA solution for
30 minutes at 37°C. After incubation, the tissue was removed
and the Trypsin solution with its floating mesothelial cells was
centrifuged at 150 g for 10 minutes. The supernatant was
discarded, cells were washed once and suspended in medium
M199 supplemented with hydrocortisone 1 g/ml and fetal calf
serum (FCS) 10% and seeded into 75 cm2 culture flasks (all
chemicals provided by Sigma). Cells were cultured in humid air
atmosphere with 5% CO2 at 37°C. The medium was changed
every three days. In all experiments, we used cells from
passages I to 3. Experiments were performed on cells from
more than one donor,
Identification of the cells
Cells were identified as mesothelial based on their cobble-
stone appearance when grown to confluency and observed
through an inverted microscope. In addition immunohistochem-
ical staining was performed with monoclonal antibodies to
human cytokeratin, which were visualized by horseradish-
peroxidase-conjugated second antibody (Amersham, UK). For
the cytochemical demonstration of peroxidase, the fixed me-
sothelial cells were treated with 3,3-diaminobenzidine tetrahy-
drochioride (Sigma). The cells were also stained for the pres-
ence of Factor VIII to exclude that they were endothelial cells.
Rabbit antiserum to factor VIII (Dakopatts, Denmark) was used
and then a horseradish peroxidase-conjugated goat antirabbit
IgG was applied, All cells were stained positively for cytoker-
atins whereas no factor VIII antigen was detected.
Growth study
Mesothelial cells were grown to confluent monolayers in the
culture flasks and harvested with Trypsin, resuspended in fresh
medium Ml99 + 10% FCS + hydrocortisone 1 g/ml, and
seeded into 24-well tissue culture plates at density 5 x l0 cells
per well. Cells were allowed to attach to the bottom of the well
for 24 hours. Then the medium was changed and over the next
five days, growth rate of the cells was evaluated. Every day
cells from one plate were harvested with trypsin solution and
counted in the hemocytometer. For every studied group, six
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Fig. 1. Growth of mesothelial cells in control
group (LI), compared with prolferation in the
presence of various concentrations of glucose
[(u) 30 mM, (LE!l) 60 m and (N) 90 mM]
added to medium. Every bar is the mean
value from six measurements. For every
studied period of time statistical analysis was
performed to estimate the difference between
the number of cells in the studied groups with
glucose and their number in the controls.
wells were counted every day and the number of cells was
compared with the control. In the control group, medium Ml 99
with 10% FCS and hydrocortisone 1 g/ml was used. In the
studied groups, this medium was supplemented with one of the
following osmotic solutes, at different concentrations: glucose
30 mM, 60 mt, 90 mM; mannitol 30 mM, 60 mi'.'i, 90 mM; glycerol
90 mM; and glycine 90 mM.
Reversibility of the glucose effect on mesothelial proliferation
In a separate group of experiments, we tried to determine
whether the inhibition of the mesothelial cells proliferation
induced by glucose (90 mM) is reversible. Mesothelial cells were
grown in normotonic medium with low glucose concentration (5
mM) and then exposed to high glucose concentration (90 mM) in
the medium for six hours, 24 hours or 72 hours, in separate
groups. Thereafter the cells were exposed to medium with
normal glucose concentration (5 mM) and their growth rate was
compared with that of cells exposed to high glucose concentra-
tion (90 mM) continuously to the end of the experiment.
Effect of insulin on mesothelial cells proliferation
In all experiments, mesothelial cells were grown in medium,
which was not supplemented with insulin. Therefore, in one
group of experiments, medium was supplemented with insulin
(0.01 U/ml) and its effect was studied on the proliferation of the
mesothelial cells in normotonic medium with low glucose
concentration (5 mM) or in medium supplemented with glucose
(30 m or 90 mM) or with mannitol (30 m or 90 mM). In this
group of experiments, proliferation of the mesothelial cells was
estimated indirectly on the basis of incorporation of 3H-methyl-
thymidine into growing cells. In brief, mesothelial cells were
seeded on the 96-well culture plates at density l0 cells per well.
After 24 hours, medium was removed from the wells and
replaced with fresh medium supplemented with 3H-methyl-
thymidine (1 xCi/ml; Amersham). In the studied groups, me-
dium was additionally supplemented with insulin (0.01 U/ml)
whereas in the control groups medium without insulin was
used. After 24 hours of incubation, the cells were harvested
from every well and precipitated with ice-cold 10% trichioro-
acetic acid (TCA). The precipitated pellet was washed twice
with 10% TCA and finally with methanol, methanol-ether and
ether to remove water and dry it. Thereafter the precipitated
pellet was dissolved in I N NaOH and samples were counted in
a beta-counter.
Lactate dehydrogenase release from the mesothelial cells
High concentrations of osmotic solutes in medium could
cause injury to the cell membrane. To test this, we measured
the release of the cytosolic enzyme, lactate dehydrogenase
(LDH), from the mesothelial monolayer into the medium bath-
ing the cells. Mesothelial cells were seeded into 24-well culture
plates and grown to confluent monolayers. Then the medium
was removed and fresh medium without FCS but with 1%
bovine albumin (Sigma) was added, alone in control group, or
with the additional supplement of one osmotic solute (glucose,
glycerol, mannitol or glycine) in a concentration of 90 m in the
studied groups. The mesothelial monolayers were incubated
with the medium for 24 hours and, after that time, the medium
was collected, filtered to remove any dead and detached cells,
and its LDH activity was measured with the enzymatic kinetic
method based on oxidation of NADH to NAD during reduction
of pyruvate which was catalyzed by LDH (Sigma LDH test).
Every studied group consisted of eight wells with the mesothe-
hal monolayer.
Statistical analysis
The results are expressed as mean SEM. The data were
submitted to statistical analysis using non-parametric Mann-
Whitney test for unpaired data. A P value less than 0.05 was
considered significant.
Results
Glucose added to the culture medium slowed the growth of
the mesothelial cells and this effect was dose dependent (Fig. 1).
At concentrations of 60 m and 90 m the effect was instant
and significant already after 24 hours of incubation. At a lower
concentration (30 mM), the decrease in mesothelial proliferation
was significant only after 120 hours of exposure.
When used at the same concentrations as glucose, mannitol,
which has a similar molecular weight to that of glucose,
decreased proliferation of the mesothelial cells less than glucose
(Fig. 2). The amino acid glycine had a toxicity similar to that of
glucose, whereas glycerol was the least toxic osmotic solute
(Fig. 3).
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To study the reversibility of the glucose effect on mesothelial
cell proliferation we evaluated growth of the cells exposed for
various periods of time (6 hr, 24 hr or 72 hr) to high glucose
concentration (90 mM) in medium and thereafter exposed to
medium with normal (5 mivi) glucose concentration. Mesothelial
cells exposed to high glucose concentration only for six hours
started to proliferate instantly when the medium was changed to
normotonic one (Fig. 4). However in experiments when in-
creased glucose concentration in medium (90 mM) was present
for 72 hours no significant proliferation of the cells was ob-
served within 48 hours from the moment when hypertonic
medium was replaced with the normotonic one (Fig. 4).
Mesothelial cells were grown in medium which was not
supplemented with insulin. To verify the hypothesis that the
lack of this hormone could have a deleterious influence on the
proliferating mesothelial cells, especially in the presence of high
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Fig. 2. Comparison of the effect of mannitol
and glucose (expressed as % of growth rate in
control group) on mesothelial cell
proliferation. Every bar is the mean value
from six measurements. Symbols are: ()
glucose; (U) mannitol; A 30 mM; B 60 mM; C
90 mM; * P < 0,05; ** P < 0.01; **" P <
0.001.
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Fig. 3. Inhibition of mesothelial cell growth when exposed to an
identical concentration (90 mM) ofvarious osmotic solutes in medium
for five days (expressed as % of growth rate of control cells which were
not exposed to any osmotic solute). Every bar is the mean value from
8 measurements. Significant differences between control group and
studied groups with osmotic solutes is shown with asterisks (* P < 0.01;
** P < 0.001). Additionally, differences between effect of individual
osmotic solutes on growth of the mesothelial cells are: glucose vs.
mannitol, glucose vs. glycerol, glycerol vs. mannitol, and glycerol vs.
glycine, all P < 0.001; glycine vs. mannitol P < 0.01.
glucose concentration, we evaluated in other experiments the
effect of insulin on growth of the mesothelial cells. In these
experiments proliferation of the cells was measured indirectly
by estimating incorporation of 3H-thymidine into growing cells.
The addition of insulin to the medium in a concentration of 0.01
U/mi did not affect the proliferation rate of the mesothelial cells
either in normotonic medium or in hypertonic medium supple-
mented with glucose or mannitol (Fig. 5).
Chronic exposure of mesothelial cells to high concentrations
of osmotic solutes in medium could decrease the number of
cells because of their accelerated death. To test this hypothesis
we measured release of the cytosolic enzyme LDH from the
cells exposed for 24 hours to high concentration (90 mM) of
glucose or glycerol, or mannitol or glycine in the medium, All
studied osmotic solutes increased the release of LDH from the
cells. In control group (8 wells) LDH activity in the medium
after 24 hours of incubation was 39.7 1.6 mU/ml, whereas in
the glucose group (8 wells) it was 64.8 9.8 mU/ml (P < 0.01),
in glycerol group (8 wells) it was 58.1 11.6 mU/mi (P < 0.05),
the mannitol group (8 wells) had 56.8 10.2 mU/mi (P < 0.05),
and the glycine group (8 wells) had 53.9 9.7 mU/ml (P <
0.05).
Discussion
Although dialysate hyperosmolality irritates the peritoneal
membrane, not all osmotic solutes produce an identical effect
[7]. Furthermore, much remains to be learned about their
specific effects on the peritoneal mesothelium. Di Paolo et al
found that commercial dialysis solutions stimulate prostaglan-
din synthesis in human mesothelial cells in an in vitro culture
[8]. Van Bronswijk et al found that glucose concentration above
1.5 g% is toxic to human mesothelial cells and that this effect is
augmented when simultaneously one lowers the pH of the
medium [6]. They calculated damage to the mesothelium from
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the release of 51Cr from previously radiolabelled cells. How-
ever, because this test has a low sensitivity, it could underes-
*
timate the true glucose toxicity [9]. Other studies reported that
much lower concentrations of glucose produced such endothe-
** hal injuries as inhibition of proliferation, decrease in DNA
______
synthesis, DNA damage or accelerated cell death [10—12].
** ** Cell proliferation depends on the proper structure and func-
_______
tion of the membrane, cytoskeleton and a sufficient supply of
energy. Therefore we concluded that the growth of the me-
sothelial cells would be a good index of their viability. Indeed,
we found that a glucose concentration as low as 30 m impedes
mesothelial proliferation, but probably because of its low con-
-
Glycerol
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Mannitol Glycine Glucose centration we observed a significant effect only after prolonged
exposure of the cells to this solute (Fig. 1). At higher concen-
Osmotic solute trations (60 m and 90 mM) this effect was detected already
after 24 hours. We speculate that the decrease in the growth
rate of mesothelial cells in the presence of high glucose con-
centration reflects their faster death and slower replication in
the presence of hyperosmolality. Indeed, we observed an
increased release of the cytosolic marker LDH from the me-
sothelial monolayers exposed for only 24 hours to medium
supplemented with one of the studied osmotic solutes in a
concentration 90 m. This fact suggests that the death rate of
the cells was increased in these conditions. However, no
significant differences were observed between the effect of the
individual osmotic solutes, which allows us to speculate that
increased cellular death was caused only by hyperosmolality of
the medium. On the other hand, in mesothehial cells exposed for
a longer time to osmotic solutes in the medium, the decrease in
the proliferation rate was not identical with all studied solutes.
Therefore we cannot exclude a toxic metabolic effect on the
mesothelial cells.
One may speculate that the lack of insulin in the medium used
for culture of the mesothehial cells could by itself decrease their
capacity to proliferate, and this effect could be even more
pronounced in hyperosmotic medium supplemented, for exam-
ple, with glucose. However, results of our experiments, in
which proliferation of the mesothelial cells was measured by
incorporation of 3H-thymidine, do not support this hypothesis.
Glucose toxicity to the mesothelial cells is reversible but the
intensity of this process is inversely proportional to time of
exposure to this solute (Fig. 4), a fact that may be important to
patients on CAPD who have peritonitis and denudation of the
mesothelial cells. If, after peritonitis, the operator avoids dial-
ysate with a high glucose content (and therefore hyperosmolal-
ity) he may encourage normal regeneration of the mesothelium.
Unfortunately, those patients who have a hyperpermeable
membrane, often require dialysate with a high glucose concen-
tration to obtain sufficient ultrafiltration. In such situations,
impaired regeneration of the peritoneal mesothelium sometimes
may lead to membrane failure.
We used glycine in a much higher concentration than that
found in an amino acid-containing solution, which contains not
one but a mixture of amino acids; this could explain its high
toxicity compared to that of glucose. We need further studies
with mixtures of amino acids which will contain individual
amino acids in lower concentrations to determine the toxicity of
these solutions to peritoneal mesothehium.
We believe that human mesothelial cells in in vitro cultures
provide a good model for the study of the toxicity of various
Fig. 4. Reversibility of growth inhibition of
rnesothelial cells when exposed to high
concentrations of glucose (90 mM) in medium
for various periods [(0) 6 hours, () 24
hours, (0) 72 hours] and thereafter
transferred to medium with normal (5 mM)
glucose concentration. Results are expressed
as % of growth in the control group where thc
mesothelial cells were exposed continuously,
to the end of experiment to high (90 mM)
glucose concentration. Every bar is the mean
value from 6 measurements. * p < 0.05.
Fig. 5. Incorporation of rjdioactive ihymidint
into proliferating mesothelial cells exposed to
glucose or mannitol (30 msi or 90 mM) in
medium supplemented with insulin (J, 0.01
U/mI) or without (0) insulin. Every bar is the
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